Abstract Soil extractable Bray-1 P (B1P) and response to phosphate (P) of Setaria anceps cv. Kazungula (Setaria grass) were monitored in a field trial bimonthly for 14 months in an acid soil fertilized with triple super phosphate (TSP), Gafsa phosphate rock (GPR) or Christmas Island phosphate rock (CIPR) integrated with or without manure. Extractable B1P from the same soil incubated with the same fertilizers in wet and dry 3-day cycles for 91 days was determined. Field experimental design was randomized complete block (RCB) with three replications. Results indicated that B1P magnitude for field and incubation trial were; TSP [ GPR [ CIPR, consistent with their solubility. An integration of manure and fertilizers resulted in much higher extractable B1P than sole fertilizers or manure. Over time, P availability decreased at a fast rate for the first 6 months and later was relatively constant. The dry matter yields (DMYs) exhibited quadratic relationships with P rates. Maximum DMYs (6-11 t ha -1 ) were attained between 100 and 200 kg P ha -1 , above which they declined. Average DMYs were not significantly different for TSP, GPR and CIPR (6.1-6.6 t ha ). Maximum individual DMY were attained at 2-6 months and then declined to a minimum (2-4 t ha ) also were not significantly different for the three fertilizers. Manure-CIPR integration increased DMY whilst in GPR and TSP/manure combinations DMYs were depressed. The PRs could supplement the expensive TSP without loss of yields but the non-reactive PR should be integrated with manure.
Introduction
Many acid soils in the world, especially in the tropics, present soil fertility problems that have constrained the development of successful sustainable agriculture. Malaysian soils are known to be highly weathered and are generally acidic and inherently low in phosphorus (P) and high in P fixing capacities (Owen 1947) . They are characteristically high in iron (Fe) and aluminium (Al) in their clay fractions and thus result in substantial P-fixation (Zaharah and Sharifuddin 1979) that can reduce the recovery rate of applied conventional water-soluble phosphate fertilizers. The P sources for Malaysian agricultural production have normally been obtained either from water soluble-or from water insoluble-P sources. It is widely accepted that the former includes triple superphosphate (TSP), single superphosphate (SSP), and diammoniam phosphate (DAP), while the latter is mainly phosphate rock (PR) materials. Because there are no phosphate mineral deposits found in Malaysia, the P sources are imported from various countries. The most significant P sources in decreasing order of imported amounts are Australia/Christmas Island (41.6%), Tunisia/Gafsa phosphate rock (18.2%), Algeria (14.1%) and China (12.8%) as shown by Yusda and Hanafi (2003) .
However, the PRs vary widely in their effectiveness due to the differences in physico-chemical characteristics that influence their reactivity. Some PRs are considered reactive while, others are nonreactive. Unlike the reactive PRs, non-reactive PRs are less suitable for direct application and need to be acidified chemically or biologically (Rajan 1981) for sufficient P to become available at a rate matching plant demand. Chemical acidulation is not suitable for PRs containing high levels of Fe or Al because the metals reduce the solubility of P (Hammond et al. 1989) . Some of the practical techniques of PR acidulation include integrating the PRs with organic materials such as farmyard manure (Ikerra et al. 1994; Oenema 1980) , crop residues, and green manures (Zaharah and Bah 1997) . However, to date there has been conflicting reports on the influence of organic manures on PR dissolution. Some workers have reported enhanced PR dissolution such as Ikerra et al. (1994) , while Oenema (1980) observed reduction on PR solubility when PRs were combined with manure. In view of this the objectives of this study were:
1. to determine extractable Bray-1 P (B1P) from soil samples treated and incubated in the laboratory with a reactive or a non-reactive PR with or without farmyard manure (FYM) or TSP/FYM combination relative to TSP (the standard P fertilizer) and 2. to determine effects of applying reactive or a non-reactive PR and TSP with or without manure combination in a field experiment on soil extractable B1P and Setaria dry matter yields (DMYs) sequentially sampled bimonthly for 14 months.
Materials and methods
Phosphate sources and soil A laboratory incubation experiment was conducted to assess the dissolution of reactive and non-reactive PRs applied to an acid soil at different rates in the presence and absence of cattle manure relative to TSP. The PR dissolution was assessed through B1P from soils incubated with the two selected PR treatments compared to B1P from soils incubated with TSP. Gafsa phosphate rock (GPR) a naturally occurring phosphate ore originating from sedimentary [Francolite (Carbonate-Fluorapatite)] deposits in Tunisia was selected as the reactive PR. Gafsa PR producer is the 5th largest PR producer in the world exporting GPR to over 20 countries in the world including Malaysia (Elhaji 2003) . On the other hand, Christmas Island PR (CIPR) grade A dust characterized with low chemical activity and low agronomic value when directly applied to crops was selected as the non reactive PR since it is import in the highest volume into Malaysia (41% of all PRs). Dissolution assessment of the PRs in the laboratory incubation trial (controlled environment) was followed by a field experiment to evaluate the same PRs relative to TSP with and without FYM addition. In the field trial PRs dissolution in the different treatments were measured by Bray-1 P, one of the most widely used P soil tests (Bray and Kutz 1945) and crop response in terms of DMYs. Soil used for incubation experiment was sampled from the same field experimental site prior to the field experiment commencement. The trial site was Puchong experimental farm, Universiti Putra Malaysia (UPM) in Serdang, Selangor. The soil is classified as Bungor soil series, an Ultisol (Typic Paleudult, clayey, kaolinitic, isohyperthermic).
Soil, fertilizers and manure characterization
Top (0-15 cm) air dried soil sieved to pass through a 2 mm mesh was characterized by standard methods (Page 1982) . The soil pH water and pH KCl (1:2.5 soil to solution ratio) was 4.5 and 3.9, respectively; total carbon 30 g kg -1 ; total P 280 mg P kg -1 ; P sorption maximum determined from the Lamgmuir adsorption isotherm 769 mg P kg -1 ; Bray-1 P 4.9 mg P kg 
Closed incubation study
Soil samples (100 g air-dried sieved through 2 mm) in triplicates were treated with TSP, GPR and CIPR at four rates: 0, 100, 200 and 400 mg P kg -1 . Soils were wetted to approximately field capacity for 4 days at room temperature (28 ± 3°C), and then air-dried for another 3 days. The wetting and drying cycles were repeated 13 times (13 9 7) thus, adding to 91 days. The wetting and drying cycles were to simulate field environmental conditions. After the first cycle, soils were mixed to ensure uniform distribution of P. At the end of equilibration period soils were air dried, sieved through 2 mm and analyzed for extractable P by Bray-1 method to determine the effect of incubation and the different treatments on P availability.
Field experimental design and layout
Setaria anceps cv. Kazungula (Setaria grass) was used as the test crop because it has widespread occurrence, can survive low fertility but also respond well to nitrogen and phosphorus application. Additionally, it is persistent under frequent cutting or grazing hence was suitable for sequential harvesting required in the experiment. Experimental treatments for assessment of Setaria grass dry matter response to P from different sources and rates were factorial combinations consisting of 20 treatments ([nil ? (3 P fertilizer sources 9 3 P rates)] 9 2 levels of manure) with three replications arranged in a randomized complete block design (RCBD). The three P sources were; TSP, GPR and CIPR applied at the P rates; 100, 200 and 300 kg P ha -1 applied alone (sole) or combined with cattle manure at zero (0) or 20 t ha -1 . Fertilizer rates were chosen from previous rates tested in 'P recapitalization' studies in tropical acid soils (Mutert and Fairhurst 2003) . The experimental plots were 1.5 9 1.5 m 2 . The P fertilizers and manure were applied once at the beginning of the experiment and treatments were incorporated into the top 10 cm depth of the soil 2 weeks prior to planting. At planting and after every harvest, all plots received a basal application of N and K at 60 kg N ha -1 as urea and 100 kg K ha -1 as murriate of potash, respectively. Setaria grass was established from seeds by broadcasting 0.3 g seeds ([80% germination) along five rows per plot at 30 cm inter-row width in all the plots. The seeds were only lightly covered with soil. Two weeks after germination, re-seeding was done where germination had failed. The plots were maintained weeds free by hand weeding at monthly intervals for the first 2 months but later, weeding was done after every harvest. Grass was harvested by cutting with a sickle at 3-5 cm above the soil surface. Harvesting was done from the three inner rows, discarding harvest from 0.25 m distance from each plot boundary (harvest area = 0.9 m 2 ). Harvesting was done after every 2 months for a period of 14 months.
The harvested grass was dried in a draught blown oven at 70°C until no further change in weight and DMY was recorded. A sub-sample of the dried grass was ground and analyzed for nutrient uptake by ashing in the muffle furnace at 300°C for 4 h and then 550°C for another 4 h. After cooling 2 ml concentrated HCl was added to the crucible and heated to dryness. Then, 10 ml of 20% HNO 3 was added and heated on a water bath for 1 h. The solution was then filtered and P, K, Ca, Mg and Zn in solution were measured using Inductively Coupled Argon Plasma Spectrophotometry (Model: Thermal Elemental IRIS Advantage).
Results and discussion
Soil, fertilizers and manure characterization
The soil was strongly acid (pH KCl 3.9) with low extractable P and substantial Fe and Al oxide, hence soil characterized by moderately high P sorption capacity (P sorption maximum = 765 mg kg -1 ). Characterization of the fertilizers indicated that TSP had the highest P content, whilst GPR had the lowest amongst the three fertilizers. Additionally, TSP was the most soluble followed by GPR and hence CIPR was the least soluble in the three solvents used. Consequently, GPR was more reactive than CIPR based on the solubility (Heng 2003) . Manure had 1% P content, which was considered high in manures perhaps associated with a high phosphate feed offered to the cattle. On the other hand, decomposition parameters revealed that dissolved organic carbon (DOC) and C/N ratio were both high (ZamoraNahum et al. 2005) . Moreover, the humic and fulvic acids were also low indicating manure used was not well decomposed.
Effect of treatments on extractable Bray-1 P from incubation study Bray-1 P (B1P) levels were significantly influenced by the P source, P rate and manure addition (P \ 0.001). Interactions were also significant (P \ 0.01) with an exception of P source 9 manure. Generally, the magnitude of extractable P for the different P sources was in the order: TSP [ GPR [ CIPR consistent with their reactivity and hence dissolution rates (Zaharah and Sharifuddin 2002) . Average extractable B1P from TSP, GPR and CIPR were 56.2, 39.0 and 20.4 mg P kg -1 of soil, respectively. Extractable B1P also increased with increasing P application rates. When P application rates were raised from 100 to 400 mg P kg -1 soil, the resulting B1P levels ranged from &27.0 to 72.7 mg P kg -1 soil. The increase of B1P with P application rates is related to increase in saturation of adsorption sites and hence reduced P fixation per added P (Zhang et al. 1995; Yusda 2003) . Application of manure and P fertilizer combinations led to significantly higher B1P levels ranging from &33.0 (sole P sources) to 44.0 mg P kg -1 soil (plus manure).
However, the overall magnitude of B1P was determined by the P source 9 P rate 9 manure interaction ( Fig. 1) . Extractable P increased with increasing P application rates in more or less a linear fashion in TSP treated soils. For instance, when TSP was applied at 100, 200 and 400 mg P kg -1 , the resulting B1P levels ranged from 29.6 mg P kg -1 (sole TSP) to 120.0 mg P kg -1 (TSP ? manure). Manure ? TSP combinations gave higher B1P levels at all the P application rates though with varying magnitudes. The additional amount of B1P extracted from TSP ? manure and TSP at 100 kg P ha -1 rate was approximately equal to the difference in amount of B1P extracted at zero P, with and without manure [14.1 (plus manure treatment) -3.8 (minus manure treatment)]. The latter was assumed to be equal to the amount of B1P originating from manure mineralization. Nonetheless, at 200 kg P ha -1 , the difference between plus and minus manure B1P was much higher but on the contrary almost negligible at 400 kg P ha -1 (Fig. 1) . Extractable B1P from manure/P fertilizer combinations is possibly a product of several mechanisms. Decomposing manure may add P to the available P pool by mineralization, and concomitantly also releases net negative charges and organic anions that compete with P for sorption sites thus decreasing P sorption. In addition manure mineralization also releases Ca ions, Fe and Al oxides thus increasing P sorption depending on the quality and quantity of manure. Organic anions and Applied P (mg P/kg) Bray-1 P (mg P/kg) CIPR CIPR+M GPR GPR+M TSP TSP+M Fig. 1 Effects of P source 9 prate 9 manure on extractable Bray-1 P. Note the bars denote standard error increased P sorption may also increase PR dissolution (Hanafi et al. 1992 ).
In the current study, manure addition increased B1P through P addition (from mineralization) and concurrently increased PSI (data not shown). Increased PSI in manure treated soil was due to significant amounts of oxalate and dithionite extractable iron oxide plus small amounts of aluminium oxide (Gikonyo 2006) . Despite the sesquioxide's content of manure being low, the high rate of manure application (20 mg ha -1 ) led to significant amounts of total sesquioxides in the soil (data not shown). Phosphate sorption index was inversely related to B1P. On the other hand, increasing P rates decreased PSI because as adsorption of P continues there is a shift of the soil particle surface to more negative values (Celi et al. 2000) consequently decreasing the bonding strength as increasing number of sites become occupied by P. Thus, an interaction of the various mechanisms described above determines the final amount of B1P.
For example, the significant difference between TSP and TSP ? manure observed at 200 mg P ha -1 and the sudden increase of B1P for sole TSP at 400 mg P ha -1 could be explained to a great extent by the changes in PSI. Firstly, the PSI difference between sole TSP and TSP ? manure at 100 kg P ha -1 was 34 mg P kg -1 and considering the low P rate, there was no significant difference between the two. On the other hand, at 200 mg P ha -1 the PSI difference between the manure and non-manure TSP combination was 57 mg P kg -1 and considering the higher P rate level the B1P difference was higher than at the previous rate. Similarly, the sudden increase in B1P at 400 kg P ha -1 for sole TSP was associated with a PSI decrease of 51 mg P kg -1 (minus manure) relative to 28 mg P kg -1 (manure combined) in addition to the high P level. Thus there was a sharp increase in the sole TSP and not the TSP ? manure. Contrary, to the common knowledge, manure did not reduce the phosphate sorption capacity of the soils because of the presence of significant amounts of sesquioxides, particularly iron oxide. Additionally, the manure used exhibited low levels of organic acids, particularly fulvic acid (only traces present) which is one the most chemically and biologically active fraction of soil organic matter (SOM) fraction (Van Heels et al. 2005 ) thus explaining why P sorption was not reduced but increased by manure addition.
In PRs, B1P increased with increasing P rates up to 200 mg P kg -1 , but did not increase further at the highest P application rate (400 mg P kg -1 ) thus exhibiting a linear plateau relationship. The relationship indicates a decline in PR dissolution rate above 200 kg P ha -1 that could be ascribed to the attainment of the specific PR's solubility constant. According to Chien and Black (1976) , the solution P of a PR is fixed at a maximum value for each PR regardless of how much PR is added to the soil.
However, as indicated above B1P was influenced by P source 9 P rate 9 manure interaction. Gafsa PR treated soils gave higher B1P levels than CIPR at all application rates probably due to the higher reactivity of GPR relative to CIPR as shown by the solubility. Manure addition increased B1P in both PRs but the increases in GPR ? manure were always higher than those in CIPR ? manure. A similar scenario, to that observed in TSP at 200 mg kg -1 soil was observed in sole GPR and GPR ? manure. The most significant difference between manure and minus manure treatment was observed at this level. Although, GPR ? manure had the lower PSI, the difference was only &12 mg kg -1 but the difference in B1P was significant (18.7 mg kg -1 ). Noteworthy, was the scenario in GPR at 400 mg P ha -1 where, unlike in TSP, GPR ? manure gave higher B1P (by 16 mg kg -1 ) than sole GPR although the PSI differed by a substantially higher magnitude (101.7 mg kg -1 ). It was evident that the lower PSI value always resulted to a higher B1P though not proportionally.
Field experiment
Bray 1 extractable P Extractable Bray-1 P was significantly influenced by P source (fertilizer type) (P = 0.0001) and fertilizer rate (P = 0.0001) but unlike the incubation trial, B1P was not significantly influenced by manure addition (P = 0.064). On average, the lowest B1P was extracted from CIPR treated soil (7.8 ± 1.20 mg kg -1 ), while the highest was from TSP (22.1 ± 1.20 mg kg -1 ). Moreover, the amount of B1P also increased with increasing fertilizer rates. For instance, increasing fertilizer rates from 100 to 300 kg P ha -1 increased B1P from an average P level of 10.5-26.8 mg kg -1 . Addition of manure increased B1P from an average of 12.4-15.1 mg kg -1 which was not statistically significant.
Statistical analysis of soil samples collected bimonthly at every glass harvest indicated varying significant effects of P sources, manure addition, P rates and their interactions. For instance, P sources, P rates and their interactions were significant for all the sampling times except the first one (prior to treatment application). In the treated soil samples, TSP gave the highest B1P at all sampling times (2nd-14th month) shown in Table 1 . However, from the month 2-6 sampling TSP exhibited significant difference from the PRs but the latter were not significantly different. Nevertheless, from 8th to 14th month samplings the two PRs exhibited significant differences. Thus B1P levels were in the order TSP [ GPR [ CIPR in accordance to their solubility as shown in the incubation trial.
The different P application rates gave significantly different B1P values in increasing order from zero (0), 100 and 300 kg P ha -1 . The maximum B1P was attained at month 4 sampling (28.1 mg P kg -1 soil) and seemed to decline with time to a minimum at 14 months. Manure addition resulted in significant differences in the 2nd sampling by about 8 mg P kg -1 soil and month 4 sampling marginally by about 2.3 mg P kg -1 soil (Table 2) . However, all through the experiment manure increased B1P levels although not significantly. At 2nd month sampling when manure was combined with TSP, GPR and CIPR at 100 kg P ha -1 B1P increased by 6.2, 6.1 and 6.5 mg P kg -1 , respectively. On the other hand, as P rate was increased to 200 kg P ha -1 , combinations with manure resulted in B1P increases of 30.7, 6.3 NS not significant and 0.8 mg P kg -1 for TSP, GPR and CIPR, respectively. Mineralization of manure gave about 2.5 mg P kg -1 estimated from B1P change in the control when manure was added. Consequently, it is evident that besides addition of P from manure mineralization, mechanisms influencing P release and P sorption were involved thus leading to quite a high increase in B1P from TSP and only marginal in CIPR. Addition of CIPR was found from the incubation trial to cause the highest increase in PSI hence explaining the low B1P increase. On the other hand, TSP had the highest increase although it had higher sesquioxides than GPR because the former is readily soluble hence satisfying the P sorption sites more than the slow releasing GPR finally resulting in higher B1P increases. In a field situation the enhancement of PR dissolution as the products of dissolution P and Ca are removed by plants uptake coupled with leaching of Ca (from both PRs and manure) by rainfall is possibly an additional mechanism determining final B1P (Hanafi and Syers 1994) . The fact that the most significant manure effect was in the beginning (2nd month sampling) and not in the subsequent samplings implies that results of long term experiments where manure is added once at the beginning of the experiment may conflict with results obtained from long term experiments where manure is added every season/annually or one time experiments such as glasshouse trials. Long term experiments will report no significant manure effect while short-term experiments may report significant manure effects. This could partly explain some of the conflicting results on manure effects reported in literature. Nevertheless, the implication to the farming systems is that for sustainable manure effects, modest rates with repeated applications may be the most appropriate strategy. Additionally, there is need to conduct manure/PR substitution levels to achieve economical manure/PR combination rates for optimal soil B1P levels.
Combined analysis of the soil data for the eight sampling times revealed B1P was significantly influenced by the interaction of P source 9 fertilizer rate 9 manure over time. The B1P levels at the lower P application rate (100 kg P ha -1 ) declined linearly up to the 6th-8th months after which, the levels were fairly constant (Fig. 2) . At the higher P rate, the decline was very gradual throughout the 14 months (Fig. 2) . It should be noted that the data points of TSP at 12 months and TSP ? manure at 10 months are considered as outliers. Throughout the experimental period, the P sources affected the magnitude of B1P in the order: TSP [ GPR = CIPR. However, the B1P levels were not high despite the high P application rates particularly for the PRs. The highest B1P level in the PRs was \30 mg P kg -1 attained with GPR (300 kg P ha -1 ) at the 10th month. On the other hand, TSP (300 kg P ha -1 ) gave the highest B1P about 65 mg P kg -1 (Fig. 2) . Setaria dry matter yields
The yield data exhibited quadratic relationships in each harvest (Fig. 3) . Statistical analysis of the individual DMY harvests indicated that treatment (P source, P rate, Manure) effects and their interactions exhibited variable significance levels among the seven harvests as shown in Table 1 . The P sources were not significant in all the seven harvests while, on the other hand P rates were significant in all except the final harvest (14th month). Manure addition gave significant effects in 3 out of 7 harvests and the interaction; P source 9 manure and P rate 9 manure were only significant in the first harvest but not in all the others. However, interaction of P source 9 P rate 9 manure were significant in 3 out of 7 harvests.
The most significant P source 9 manure interaction was in harvest one (2nd month) and effects varied from one P rate to the other. At 100 kg P ha -1 sole TSP gave the highest DMYs (7.6 t ha -1 ), whilst sole CIPR gave the lowest (6.8 t ha -1 ) and was significantly similar to GPR (Fig. 3) . This observation was similar to what was observed in the B1P levels (Table 1) implying B1P in this first harvest could substantially describe DMYs. However, combining manure with the three P sources at 100 kg P ha -1 increased DMY in the three P sources ranging from &7.0 t ha -1 (GPR ? manure) to 10.4 t ha -1 (TSP ? manure). As P rate was increased from 100 to 200 kg P ha -1 DMY in the sole P sources increased to a maximum (11.0 t ha -1 ) attained in TSP, whilst remaining relatively constant and lower in the PRs (&7.0 t ha -1 ). The PRs had relatively lower maximum DMYs probably because available P from the PRs was lower probably below the critical P level required for the higher DMY (11 t ha -1 ) as achieved in TSP since they were limited in the level of soil P they could rise to due to the low solubility product (Chien and Black 1976) . This is supported by the fact that the B1P levels for PRs were about 50% that of TSP (Table 2) . Interestingly, manure addition to GPR or TSP at this rate (200 kg P ha -1 ) resulted in DMY depression to 6.0 and 7.5 t ha -1 , respectively (discussed later). Conversely, CIPR/manure combination resulted in increased DMY (11.0 t ha -1 ). As P application was increased to 300 kg P ha -1 , there was hardly any yield increase in sole TSP and CIPR (Fig. 3) . On the other hand in GPR, there was an increase of DMY from 7.0 t ha -1 at 200 kg P ha -1 to DMY 9.9 t ha -1 (*3 t ha -1 increments). Addition of manure at this P rate led to DMY decline ranging from 2.5 (CIPR) to 6.0 t ha -1 (TSP). Some facts gathered from the above observations in harvest 1 (2nd Month) consists of; (a) observed DMYs changes were associated with changes in available P levels as shown by the different responses at the different P application rates and also in responses to P sources/manure combinations which also increased B1P levels (Fig. 2). (b) At 100 kg P ha -1 rate, the TSP being a highly soluble P source dissolved rapidly thus giving the highest B1P (Fig. 2) and hence the highest DMY (Fig. 3) , whilst the most non reactive P source (CIPR) had the lowest B1P and hence the lowest DMY. This was in accordance to their reactivity (TSP [ GPR [ CIPR) as also shown by Zaharah and Sharifuddin (2002) . (c) Manure/P sources combinations increased B1P (Fig. 2) and hence DMYs in the three P sources at 100 kg P ha -1 P rate (Fig. 3) . (c) DMY response was a quadratic relationship with a defined maximum value above which, additional increase of the independent variable (P rate) led to decline of the DMY (dependent variable). Mead and Pike (1975) pointed out that for biological processes in general the most commonly used relationship is the quadratic.
In our study, the sole P sources attained maximum DMYs at P rates of 200-300 kg P ha -1 (Fig. 3) . It was noted that the different P sources attained the maximum DMY at different P application rates (TSP \ GPR \ CIPR) according to their solubility constants (Chien and Black 1976) . On the other hand, CIPR attained the highest DMY (&7.5 t ha -1 ) at a P rate of 200 kg P ha -1 while, TSP at the same rate (200 kg P ha -1 ) also yielded the maximum DMY (&11.0 t ha -1 ) (Fig. 3) . The maximum yield attained by the different P sources at the same level of application were in the order TSP [ GPR [ CIPR implying the maximum DMYs were a function of dissolved P. Non-reactive PR sources such as CIPR may not give high yields as the water soluble P sources even if they are applied at high rates because the solution concentration P of the PRs is controlled by the solubility constant. Consequently, in CIPR unlike TSP/GPR, the maximum yield attained was mostly constrained by the limited dissolution of CIPR in the prevailing conditions. However, an addition of protons through manure mineralization most probably increased DMY whilst depressing yields in GPR and TSP. In the latter two sources their combination with manure resulted to higher B1P levels than in CIPR hence the critical P level required for maximum DMY was probably exceeded in TSP and GPR and not CIPP and hence the latter was still in the positive side of the response curve (left hand side), while the other sources were in the negative response part (right hand side). For this reason, TSP and GPR when combined with manure resulted to depressed DMYs at both 200 and 300 kg P ha -1 , while a combination of manure and CIPR gave a positive effect at 200 kg P ha -1 but a negative effect at 300 kg P ha -1 . In the absence of the B1P data and the fact that high P rates were used in this experiment, it would have been difficult to explain the positive and negative effects of manure on the two PRs which has been the case in most literature.
Albeit, the cause of depression of DMY at high P rates in this work was not established but most probably it is associated with antagonistic effects between P and other plant nutrients such as Zn. Some workers reported P-induced Zn deficiency at high P application rates (Nyirongo et al. 1999 ). In the current work, evidence of antagonistic effects of P on Zn were shown by slightly higher Zn uptake at 100 kg P ha -1 than at 300 kg P ha -1 application rate (data not shown). Statistical analysis for harvest 1 indicated no significant difference between GPR and TSP but the former was different from CIPR and in turn CIPR and TSP were significantly different. Similar findings that GPR was equally as good as or better than the water soluble, single superphosphate (SSP) were reported by Elhaji (2003) .
In harvest 2 (not shown on Fig. 3 ), the control gave very high DMYs and only P rates and manure addition exhibited significant treatment effects. All the P rates were only significantly different from control. Interestingly manure addition depressed yields compared to control when applied alone and in combination with the other P sources at all rates with an exception of CIPR in which manure increased yields at all rates. The sharp increase in DMYs compared to harvest one and lack of response and negative effects of manure GPR and TSP is probably be due to rhizosphere priming effect probably caused by ploughing in of the organic material in the field which had been fallow for a number of years (Kuzyakov 2002) . The only evidence of this is the decline of the sodium bicarbonate extractable organic fraction which is associated with rapid mineralization to replenish P in the labile pool (Gikonyo et al. 2006) . The fact that manure alone and addition of manure to GPR and TSP had negative effects even at 100 kg P ha -1 was evidence that there was additional available P from another source thus raising it above the P requirement for maximum yields. Most likely, even manure alone gave P concentration that was above the critical P requirement hence causing a negative effect.
In subsequent harvests (3-6), differences between the different P sources continued to decline and GPR gave the highest DMYs whilst CIPR gave the lowest. In addition, maximum DMYs were attained between 100 and 200 kg P ha -1 for all the treatments and above that rate there were either no yield increases or the yields were influenced negatively. However, the negative effects particularly of manure integration continued to decline with time. GPR probably gave higher DMYs than TSP with time because TSP when applied quickly dissolved in the soil solution and was rapidly fixed by the soil constituents into less available P compounds whose availability to crops continually declines with time. On the other hand, P from GPR was released slowly as GPR gradually dissolved as evidenced the increase of hydrochloric extractable and residual P from GPR compared to TSP (Gikonyo et al. 2006) . However, even the dissolved P from GPR was also converted to less available forms such as the sodium hydroxide fraction which acts as a sink. In fact from harvest 5 to 6, all the fertilizer rates gave maximum yields at 200 kg P ha -1 and yields from 100 and 300 kg P ha -1 were not significantly different from control. In the final harvest (7), there was no significant difference between all the P rates with control. However, GPR was doing better than TSP though all were not significantly different from one another. Nevertheless, these observations could not be explained by B1P which always exhibited TSP as the source giving the highest available P levels. It has been reported that B1P was better related to yields in the harvest following P application but not subsequent harvests (Gikonyo (2006) . That's why B1P was better related to yield in harvest 1 but not the rest. The maximum yields achieved increased up to month 6 harvest and then declined with time (Fig. 3) .
Cumulative yields showed similar trends to the individual harvests (Fig. 4) . The fertilizers were not significantly different but yields were influenced mainly by an interaction of fertilizer type 9 P rate 9 manure (P = 0.029). Effects of P sources and manure combination on cumulative yields exhibited a similar trend to the individual harvests (GPR and TSP integration with manure depressing yields).
Conclusions
Phosphate rocks could supplement the expensive TSP without loss of yield. Effectiveness of both reactive and non-reactive PRs was improved by combining them with manure. However, while the potential DMY of non-reactive CIPR was greatly enhanced by combining it with manure, depression of DMYs resulted from TSP/GPR manure combinations due to the high levels of soil solution P leading to nutrient imbalances. Nevertheless, the results of this work will be of great benefit because it has shown that higher yields comparable to ones achieved by TSP could be achieved by not only the reactive PRs but the nonreactive PRs sources. This will be particularly beneficial to organic farming where PRs and manures/composts are the only acceptable P sources. Nevertheless, further research is recommended to determine optimal rates of PRs/manure integration of different PRs/manures of varying qualities for maximum economic benefits. Furthermore, the negative effects of high P application rates and the fast decline of DMYs imply that the P 'recapitalization' strategy is not suitable for the tested soil/crop. The current study indicates that 100-200 kg P ha -1 is the optimum rate of P application for several crop harvests. However, there is need for further work in a variety of soils, crops and environments.
